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Abstract One of the key factors for solving the problems
of re-entry communication interruption is electromagnetic
(EM) wave transmission characteristics in a plasma. The-
oretical and experimental studies were carried out on spe-
cific transmission characteristics for diﬀerent plasma sheath
characteristic under thin sheath condition in re-entry state.
The paper presents systematic studies on the variations
of wave attenuation characteristics versus plasma sheath
thickness L, collision frequency ν, electron density ne and
wave working frequency f in a φ 800 mm high tempera-
ture shock tube. In experiments, L is set to 4 cm and
38 cm. ν is 2 GHz and 15 GHz. ne is from 1×1010 cm−3
to 1×1013 cm−3, and f is set to 2, 5, 10, 14.6 GHz, respec-
tively. Meanwhile, Wentzel–Kramers–Brillouin (WKB) and
finite-diﬀerence time-domain (FDTD) methods are adopted
to carry out theoretical simulation for comparison with ex-
perimental results. It is found that when L is much larger
than EM wavelength λ (thick sheath) and ν is large, the the-
oretical result is in good agreement with experimental one,
when sheath thickness L is much larger than λ, while ν is
relatively small, two theoretical results are obviously diﬀer-
ent from the experimental ones. It means that the existing
theoretical model can not fully describe the contribution of
ν. Furthermore, when L and λ are of the same order of mag-
nitude (thin sheath), the experimental result is much smaller
than the theoretical values, which indicates that the current
model can not properly describe the thin sheath eﬀect on EM
attenuation characteristics.
N.-Y. Zhu · L.-S. Huang · B. Wu (
 
) · X.-L. Yu
State Key Lab of High Temperature Gas Dynamics (LHD),
Institute of Mechanics, Chinese Academy of Sciences,
100190 Beijing, China
e-mail: wubin@imech.ac.cn
R.-H. Wu · G. Meng · A.-M. Ren · X.-T. Hu
State Key Lab of Experimental Physics
and Computational Mathematics,
China Aerospace Technology Corporation,
100076 Beijing, China
Keywords Plasma · Electromagnetic wave · Shock tube ·
Numerical simulation
1 Introduction
The transmission of electromagnetic (EM) wave in an in-
finite uniform plasma without external magnetic field is a
well-posed problem with well-defined theoretical model [1–
3]. However, actual plasmas met in engineering applications
are finite in length and non-uniform, even extremely non-
uniform. For example, the plasma sheath around the re-entry
vehicle generated by high temperature high speed flow is in
such condition and it can always causes intensity attenua-
tion, even interruption, of EM wave transmission. Therefore,
communication between the vehicle and the ground is often
interrupted or blocked during the trajectory of a reentry hy-
personic vehicle. For the plasma sheath around the re-entry
vehicle, the sheath thickness is rather diﬀerent under diﬀer-
ent flight conditions, and the plasma is non-uniform. There
are still no rigorous and precise theoretical estimation of EM
wave transmission characteristics for this kind of sheath, and
it is necessary to carry out ground simulation experiments to
study the specific characteristics, and thus theoretical and ex-
perimental studies should be reinforced in this field [4, 5]. In
our previous studies we have preliminarily observed some
specific phenomenon of wave transmission attenuation in
thin plasma sheath [4–6]. Recently, the weakly ionized
plasma behind shock wave has been used to simulate flight
conditions by using φ 800 mm high temperature shock, and
systematic studies on the characteristics of EM wave trans-
mission coeﬃcient T versus plasma sheath thickness L, colli-
sion frequency ν, electron density ne and microwave working
frequency f have been carried out. Regular variable param-
eters are obtained and important results are accomplished in
the experiments. The experimental results are compared with
the calculation using two methods commonly adopted in en-
gineering practice, i.e., Wentzel–Kramers–Brillouin (WKB)
and finite-diﬀerence time-domain (FDTD), to reveal thereby
their limitations.
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2 Experimental facility
The high temperature gas behind the strong shock wave in a
φ 800 mm large shock tube is used as the high speed plasma
source. Refer to Ref. [7] for detail of the structure and work-
ing characteristics of the φ 800 mm shock tube, where the
operation ranges for the initial pressure and Mach number
are respectively P1 = 1.3–133 Pa and Ms = 8–23 (i.e., the gas
velocity in the range of 2.7–7.8 km/s). The high temperature
gas behind the strong shock wave is in a relatively uniform
ionized state. For air as the working medium, the electron
density in Region 2 is in the range of 1×1010–2×1013 cm−3,
and the maximum electron density in Region 5 can be as
high as 1×1015 cm−3. The length of the high speed, high
temperature “gas piston” varied from dozens of centimeters
to more than 1 m. Since the shock tube has good repeatabil-
ity and controllability, we can control the initial pressure P1
and Mach number Ms to get the desired electron density ne
and collision frequency ν.
By selecting diaphram with proper thickness and
changing the mixture ratios between hydrogen, oxygen and
nitrogen in the high pressure chamber, we can make the op-
eration gas velocity in the shock tube close to the desired
value. By means of the vacuum system and distribution sys-
tem for the low pressure chamber, we can make the initial
pressure in the experimental section close to the ambient air
density at the specific flight height. The shock velocity can
be deduced from multiple ionization probes located on the
shock tube side wall via data acquisition unit and storage os-
cilloscope. The flow field is monitored by optical radiation
measurement system, and side wall electric probes.
Through controlling the width of experimental section
for EM wave transmission which was attached to the end
section of the shock tube, desired sheath thickness of plasma
can be set as 4 cm, 38 cm or others. The detailed configura-
tion is shown in Fig. 1.
Fig. 1 Schematic diagram of φ 800 mm shock tube and instrumentation arrangement
A Network Analyzer (Model: PNA E8362B, Agilent
Technologies ) is used for EM generation with the frequency
set from 10 MHz to 20 GHz. Since the eﬀective time period
for each measurement of the maximum electron density af-
ter the normal shock wave is only dozens of microseconds,
normally a certain fixed frequency is selected for each mea-
surement.
Once the initial pressure and Mach number in the shock
tube are measured, the electron density in Region 2 can be
obtained from theoretical or experimental charts [7].
Theoretical and experimental studies on the collision
frequency in high temperature gas flow carried out jointly
by the Institute of Mechanics, the Institute of Physics and
the State Lab of Experimental Physics and Computational
Mathematics from 2005 to 2008 have acquired satisfactory
achievements, and the total collision frequency can thus be
quite accurately derived from given temperature, density and
compositions in a high temperature high speed flow field.
3 Numerical simulation for EM wave propagation in a
shock wave
Existence of boundary layer in a shock tube will lead to
non-uniform plasma parameters distributions. We propose
two theoretical calculation methods to estimate transmis-
sion characteristics of EM wave in a non-uniform plasma.
The boundary eﬀect was estimated by a method proposed in
Ref. [8].
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3.1 Numerical simulation I: WKB method
For studying the absorption, reflection and transmission of
electromagnetic waves in plasmas, the following basic as-
sumptions are made for the plasma medium. The plasma
is an infinite plate with 1-dimensional distribution, i.e., the
plasma characteristics are variable only in the transmission
direction [9].
When an electromagnetic wave is propagating in a
plasma, its transmission characteristics are dependent on the
plasma’s dielectric constant ε and conductivity σ, and can,
by referring to plasma theory [1, 3], be expressed as
ε = ε0 − nee
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lows
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3.2 Numerical simulation II: FDTD method
Generally, EM wave transmission characteristics can be
given by Maxwell Equations, which describe all the basic
rules of macroscopic EM fields, whereas FDTD is a method
using finite diﬀerence method to solve Maxwell Equations in
the time domain.
Principle in the application of FDTD method is as fol-
lows [10–15]. Yee discretation format is adopted to sample
alternatively in the space and time directions all the compo-
nents of E and H fields in Maxwell Equations.
In 1D FDTD simulation [10, 11], the principle for cal-
culating the reflection and the transmission coeﬃcients for
EM wave propagation in plasma is shown in Fig. 2. The
problem of EM wave incidence on 1D plasma must be ab-
stracted into a 1D model and be expressed onto mesh via
FDTD method [10]. In computation there are two problems
needed treatment as follows. First, the planar wave is in-
troduced. Then, we adopt a so-called “isolating boundary”
technique to set an “isolating boundary” at the nodal point of
kk0, where the incident wave is allowed to propagate to the
right side only, however, the left-going transmission wave at
the plasma interface is allowed to pass through the isolation
boundary. Hence there is only reflection wave being sampled
at the nodal point of k1 and there is only transmission wave
being sampled at the nodal point of k2. Second, the absorp-
tion boundary is set. When the reflection wave and trans-
mission wave are propagating to both ends of the simula-
tion space, if reflection occurs at the end point, the reflection
wave must be sampled by the sampler located at the nodal
point of k1 or k2, aﬀecting thus the accuracy or correctness of
the results. Therefore, we must set absorption boundaries at
both ends to make the wave propagating toward the end gen-
erate no reflection wave. In actual simulations, most adopted
absorption boundary is the “perfectly matched layer” (PML)
proposed by Berenger [10], where PML consists of electrical
conducting medium with damping and magnetically permis-
sible properties, and any transmission wave will be rapidly
damped out there. Even for a PML with finite thickness, it
will perfectly absorbed incident waves. Theoretically, inci-
dent wave with any incident angle and any frequency gener-
ates no reflection on a PML absorption boundary. PML can
be somewhat viewed as wave absorption materials in dark-
rooms.
Fig. 2 1D FDTD simulation model for EM wave transmission in
plasma
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By referring to the simulation model shown in Fig. 2,
the following reflection coeﬃcient R and transmission coef-
ficient T can be given for EM wave transmission in plasma
R = 10 lg
Pr
Pi
, (7)
T = 10 lg
Pt
Pi
, (8)
where, Pi is power of the incident EM wave, Pr is power of
the reflection EM wave, and Pt is power of the transmission
EM wave.
4 Results and discussion
4.1 Case I: Both plasma thickness L and collision frequency
ν are large
Figure 3 gives the experimental and theoretical results for
electromagnetic wave transmission coeﬃcient T versus elec-
tron density ne. Here, plasma sheath thickness L is 38 cm,
collision frequency ν is 15 GHz. The working frequency is
2, 5, 10 and 14.6 GHz, respectively. The results show that
the transmission coeﬃcient decreases with electron density
and working frequency. It is found that the experiments are
in agreement with the existent theoretical results.
Fig. 3 The experimental and theoretical results for electromagnetic wave transmission coeﬃcient T versus electron density ne for diﬀerent
working frequency (plasma sheath thickness L = 38 cm, collision frequency ν = 15 GHz, working frequency a f = 2 GHz, b f = 5 GHz,
c f = 10 GHz, and d f = 14.6 GHz)
4.2 Case II: Plasma thickness L is relatively large and colli-
sion frequency ν is relatively small
Figure 4 gives the experimental and theoretical results for
electromagnetic wave transmission coeﬃcient T versus elec-
tron density ne. Here, plasma sheath thickness L is 38 cm,
collision frequency ν is 2 GHz. The working frequency is
2, 5, 10 and 14.6 GHz, respectively. The results show that
the transmission coeﬃcient decreases with electron density
and working frequency. But the experimental results are ev-
idently smaller than the theoretical values.
4.3 Case III: Plasma thickness L is relatively small and col-
lision frequency ν is relatively large
Figure 5 gives the experimental and theoretical results for
electromagnetic wave transmission coeﬃcient T versus elec-
tron density ne. Here, plasma sheath thickness L is 4 cm,
collision frequency ν is 15 GHz. The working frequency is
2, 5, 10 and 14.6 GHz, respectively. The results show that
the transmission coeﬃcient decreases with electron density
and working frequency. But the experimental results are also
evidently smaller than the theoretical values.
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Fig. 4 The experimental and theoretical results for electromagnetic wave transmission coeﬃcient T versus electron density ne for diﬀerent
working frequency (plasma sheath thickness L = 38 cm, collision frequency ν = 2 GHz, working frequency a f = 2 GHz, b f = 5 GHz,
c f = 10 GHz, and d f = 14.6 GHz)
Fig. 5 The experimental and theoretical results for electromagnetic wave transmission coeﬃcient T versus electron density ne for diﬀerent
working frequency (plasma sheath thickness L = 4 cm, collision frequency ν = 15 GHz, working frequency a f = 2 GHz, b f = 5 GHz,
c f = 10 GHz, and d f = 14.6 GHz)
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4.4 Case IV: Plasma thickness L is relatively small and col-
lision frequency ν is also relatively small
Figure 6 gives the experimental and theoretical results for
electromagnetic wave transmission coeﬃcient Tversus elec-
tron density ne. Here, plasma sheath thickness L is 4 cm,
collision frequency ν is 2 GHz. The working frequency is 2,
5, 10 and 14.6 GHz, respectively. The results show that the
transmission coeﬃcient decreases with electron density and
working frequency. But the experimental results are much
smaller than the theoretical values.
Fig. 6 The experimental and theoretical results for electromagnetic wave transmission coeﬃcient T versus electron density ne for diﬀerent
working frequency (plasma sheath thickness L = 4 cm, collision frequency ν = 2 GHz, working frequency a f = 2 GHz, b f = 5 GHz,
c f = 10 GHz, and d f = 14.6 GHz)
5 Conclusions
Studies on the variations of wave attenuation characteris-
tics versus plasma sheath thickness L, collision frequency
ν, electron density ne and wave working frequency f in a
φ 800 mm high temperature shock tube are presents in the
paper. In the test, L is set to 4 cm and 38 cm. ν is 2 GHz
and 15 GHz. ne is from 1×1010 cm−3 to 1×1013 cm−3, and f
is set to 2, 5, 10, 14.6 GHz, respectively. Meanwhile, WKB
and FDTD methods are adopted to carry out theoretical sim-
ulation for comparison with experimental results. The fol-
lowing facts are found.
(1) When sheath thickness L is much larger than EM wave-
length λ (thick sheath) and ν is large, the simulation and
experiment results are found in good agreement. Two
available theoretical methods, WKB and FDTD, have no
essential diﬀerence under the present experimental con-
dition of relatively uniform plasma.
(2) When sheath thickness L is much larger than EM wave-
length λ (thick sheath), while ν is relatively small, two
theoretical results are obviously diﬀerent from the exper-
imental ones. It indicates that the existent theories can
not fully manifest the contribution of ν.
(3) When sheath thickness L and EM wavelength λ are of
the same order of magnitude (thin sheath plasma), the
experimental results are much smaller than the theoreti-
cal values, indicating that both theories can not properly
describe the thin sheath eﬀect.
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